Abstract. Naturally occurring antioxidants present in bilberry were separated into three groups: vitamin C, phenolic acids and flavonoids using solid phase extraction (SPE). Chemical composition of bilberry extract fractions was obtained by spectrophotometry and high performance liquid chromatography (HPLC). The results of HPLC analysis point out the high content of vitamin C (1529 g/g) in fraction Fr1, flavonoids (1328.58 g/g) in fraction Fr2 and phenolic acids (494.31 g/g) in fraction Fr3. The free radical scavenging activities of these antioxidant fractions on superoxide anion radicals and detection of free radical intermediates was studied using electron spin resonance (ESR) spectroscopy. Superoxide anion free radical assay demonstrated very potent free radical scavenging activity of bilberry extract fractions. The results of correlation analysis showed that the separated classes of antioxidants from bilberry (vitamin C, flavonoids and phenolic acids) are responsible for its antioxidant activity.
Introduction
Many of the human age-related degenerative diseases are associated with oxidative processes. Many edible plants are capable of producing natural chemopreventive compounds which have no synthetic counterparts and play a protective role in human health maintenance. It has been well established that many of the phytochemicals present in plant derived foods have antioxidant capacity, i.e. are able to remove damaging radical species, as shown by a range of in vitro assays. Fruits, vegetables and teas contain a wide range of antioxidant compounds, including phenolic compounds and vitamins [41] . Phenolic secondary metabolites play an important role in plant-derived food quality, as they affect quality characteristics such as appearance flavour and health-promoting properties.
Edible berries have been a part of man's diet for centuries. Berries are one of the most important dietary sources of fibre and essential vitamins, minerals and vast number of phytochemicals such as phenolic compounds, including anthocyanins, phenolic acids, flavonol glycosides and flavan-3-ols [26, 33] . It has been reported that berry extracts have cardioprotective effects and beneficial effects on platelet aggregation, they are very effective inhibitors of low density lipoprotein oxidation and inhibitors of the growth of cultured cancer cells [3] . Research at the Scottish Crop Research Institute and the University of Ulster has shown that berry extracts can inhibit the initiation, progression, and invasiveness of colon cancer cells [40] . Different berry components are responsible for the inhibition of ␣-glucosidase and ␣-amylase, which suggests considerable potentiation of effects on blood glucose levels [34] . Similar effects on lipid digestion have been noted [35] .
Compounds present in the fruits of Vaccinium species are reported to have beneficial influence on human health [38, 44] . Bilberry (Vaccinium myrtillus L.) is a member of the Eriacaceae family and is also known as European blueberry, huckleberry, whortleberry or blueberry. Fruits of wild bilberry have a well-established role in pharmacognosy and it has been used as food for centuries, due to its high nutritive value [48] . Bilberry is a rich source of anthocyanins, and its extracts are extensively used in food/dietary supplements and pharmaceutical products.
Biological properties of the bilberry fruit extract include antioxidant capacity, astringent and antiseptic properties, ability to decrease the permeability and fragility of capillaries, inhibition of platelet aggregation, inhibition of urinary tract infection and strengthening of collagen matrices via cross linkages [15] . Bilberry crude extracts are marketed as pharmaceutical preparations for the treatment of both ophthalmological diseases and blood vessel disorders. More recently, they have been used for the treatment of diarrhea, dysentery, and mouth and throat inflammations [48] .
Bilberries may be eaten fresh or dried. Bilberry tea may also be made from fresh or dried berries, or from the leaves. Dried bilberries are high in tannin and pectin, which have an astringent action that controls the inflammation that causes diarrhea. Dried billberies are traditionally used as herbal tea remedy. Distribution and contents of antioxidant compounds (anthocyanins, flavonoids, phenolic acids) as well as antioxidant activity of fresh bilberries has already been confirmed in the literature [12, 19, 22, 37] . Laplaud et al. [28] reported that bilberry extract, characterised by 74.2 ± 4.9 mg of polyphenols/g, inhibited copperinduced oxidative modifcation of human LDL. In another study, Viljanen et al. [49] found that raspberry, bilberry, lingonberry and black currant extracts inhibited copper-induced protein and lipid oxidation in a lactalbumin-liposome oxidation system, bilberry extract being one of the most effective.
However, contents of phenolic compounds and vitamin C, as well as antioxidant activity of dried brilberry fruits has not been evaluated. Yue and Hue [52] examined changes of anthocyanins, anthocyanidins, and antioxidant activity in fresh bilberry extract during dry heating at 80 • C, 100 • C and 125 • C. Conjugated sugars of anthocyanins were cleaved from the anthocyanins to produce their corresponding anthocyanidins or aglycones during heating and the heated extracts had higher free radical scavenging capability than unheated extract.
In this study we used dried bilberries as a potential source of naturally occuring antioxidants. Extract from dried bilberries was fractionated into three groups of naturally occuring antioxidants: vitamin C, neutral and acidic phenolics using solid phase extraction (SPE). Present study describes behaviour of obtained bilberry extract fractions in superoxide anion generating system -their free radical scavenging activities and free radical intermediates formed during this reaction. In addition, correlation matrix was conducted in order to evaluate the contribution of separated phytochemicals from bilberry and relationship with free radical scavenging activity.
Materials and methods

Plant material
Dried bilberry fruits were obtained in a local drugstore. The air dried fruits were ground using a coffee mill and passed through a 0.36 mm sieve.
Preparation, purification and fractionation of bilberry extract
20 g of dried and ground bilberry fruits were macerated with 500 ml of 80% acetone during 24 hours. The macerat was filtered (Whatman No. 4) and the maceration was repeated once more. Two macerates were mixed and evaporeted to dryness under reduced pressure. In order to separate vitamin C from the phenolic antioxidants and to remove organic acids, residual sugars, amino acids, proteins and other hydrophilic compounds as well as to exchange solvents, a cleanup of the bilberry extract by solid phase extraction (SPE) was performed according to Rigo et al. [39] , with Chromabond C-18 (1000 mg, J.T. Baker, Holland). The dry bilberry extract was redissolved in 5 ml of 0.5 M H 2 SO 4 , filtered through 0.45 m (pore size) membrane filters (Millipore, Bedford, MA) and loaded on the Chromabond C-18 preconditioned with 2 ml of methanol followed by 5 ml of 5 mM H 2 SO 4 . The polar substances, including vitamin C, were removed with 2 ml of 5 mM H 2 SO 4 and this fraction was marked as Fr1. The phenolic compounds were eluted with 2 ml of methanol followed by 5 ml of distilled water and this solution was considered as purified bilberry extract. Spectrophotometrical determiantion of total phenols, flavonoids and anthocyanins was conducted with purified bilberry extract. Further, extraction and fractionation of neutral and acidic phenolics was conducted according to Chen et al. [10] . The purified bilberry extract was adjusted to pH 7.0 with 2.0 M NaOH solution and loaded onto the Chromabond C-18 preconditioned for neutral phenolics with 8 ml of methanol followed by 4 ml of distilled-deionized water adjusted to pH 7.0. The column was washed with 10 ml of distilled-deionized water and eluted with 12 ml of methanol. Fraction eluted in this step contains neutral phenols and is used further as Fr2. The effluent portion was adjusted to pH 2.0 with 2.0 M HCl, passed through the preconditioned acidic column. For isolation of acidic phenolics, cartridge was preconditioned by passing 8 ml of methanol and 4 ml of 0.01 M HCl. Then the column was washed with 5 ml of 0.01 M HCl and the adsorbed fraction was eluted with 12 ml of methanol. This fraction contains acidic phenols and is labeled as Fr3. The obtained fractions of bilberry extract, Fr1, Fr2 and Fr3, were evaporated using a rotary evaporator until dryness at 35 • C under reduced pressure.
Spectrophotometrical determination
Total phenol concentration in purified bilberry extract
The amount of total soluble phenolics in extracts was determined spectrophotometrically according to the FolinCiocalteu method [45] . The reaction mixture was prepared by mixing 0.1 ml of water solution (concentration 1 mg/ml) of purified bilberry extract, 7.9 ml of distilled water, 0.5 ml of Folin-Ciocalteu's reagent and 1.5 ml of 20% sodium carbonate. After 2 h, the absorbance at 750 nm (UV-1800 spectrophotometer, Shimadzu, Kyoto, Japan) was obtained against control that had been prepared in a similar manner, by replacing the extract with distilled water. The total phenolic content, expressed as mg of chlorogenic acid equivalents per g dry weight of purified bilberry extract, was determined using calibration curve of chlorogenic acid standard.
Total flavonoids in purified bilberry extract
Total flavonoids (expressed as mg rutin per g dry weight) in purified extract were estimated spectrophotometrically according to Markham [30] . Flavonoids from purified bilberry extract (0.5 ml) were extracted with 1 ml of extraction medium (70% [v/v] methanol, 5% [v/v] acetic acid and 25% [v/v] distilled water) at room temperature for 60 min. The resulting solution was filtered trough Whatman paper No. 4 and filtrate volume was adjusted to 100 ml. The probes were prepared by mixing: 5 ml of dilluted extract, 1 ml of distilled water and 2.5 ml of AlCl 3 solution (26.6 mg AlCl 3 · 6H 2 O and 80 mg CH 3 COONa dissolved in 20 ml distilled water). A blank probe was prepared by replacing AlCl 3 solution with distilled water. The absorbance of probes and blank probe were measured immediately at 430 nm (UV-1800 spectrophotometer, Shimadzu, Kyoto, Japan). Total flavonoid content, expressed as mg rutin per g dry weight of purified bilberry extract, was calculated from a calibration curve using rutin as standard.
Total and monomeric anthocyanins in purified bilberry extract
Total anthocyanin content in purified extract was estimated spectrophotometrically using the pH single and differential method [9] . The spectrophotometric single pH method was used to determine total (monomeric plus polymerized) anthocyanins and differential pH method for determination of monomeric anthocyanins in the extract. The aqueous extract was diluted with two buffer solutions at pH 1 and 4.5. The absorbance of each dilution was measured at 510 and 700 nm against a distilled water control using a UV-1800 spectrophotometer (Shimadzu, Kyoto, Japan). The total anthocyanin concentration was obtained from equation: C tot (mg/l) = (A tot × MW × DF × 1000)/ × L while monomeric anthocyanin concentration was calculated from the equation: C mon (mg/l) = (A mon × MW × DF × 1000)/ × l, where A tot is calculated as A tot = A 510 -A 700 , A mon is calculated as A mon = (A 515 -A 700 ) pH 1 -(A 515 -A 700 ) pH 4,5 , is cyanidin-3-glucoside molar absorbance coefficient (26900 l/(mol × cm)), MW is cyanidin-3-O-glucoside molecular weight (449.2 g/mol), DF is dilution factor and L is cell path length (1 cm). Total anthocyanin and monomeric anthocyanin content was expressed as mg cyanidin-3-Oglucoside equivalents per g of purified bilberry extract [1] .
HPLC analysis of bilberry extract fractions
All analyte solutions and solvents were filtered prior to analysis through 0.45 m (pore size) membrane filters (Millipore, Bedford, MA). Quantification of phenolics in Fr2 and Fr3 was done by HPLC analysis by a Waters Breeze chromatographic system (Waters, Milford, MA), which consisted of 1525 binary pumps, thermostat and 717+ autosampler connected to the Waters 2996 diode array detector (Waters, Milford, USA). Chromatograms were recorded in 3D mode. Separation was performed on a Symmetry C-18 RP column 125 × 4 mm with 5 m particle size (Waters, Milford, USA) with an appropriate guard column. Two mobile phases, A (0.1% phosphoric acid) and B (acetonitrile), were used at flow rates of 1 ml/min with the following gradient profile: the first 20 m from 10 to 22% B; next 20 m of linear rise up to 40% B, and for last 10 m 55% of B, followed by 10 m reverse to initial 10% B with additional 5 m of equilibration time. The data acquisition and spectral evaluation for peak confirmation were carried out by the Waters Empower 2 Software (Waters, Milford, USA). Quantification of total phenolic compounds in bilberry fractions Fr2 and Fr3 were performed using quercetin and p-coumaric acid as secondary standards for flavonoids and phenolic acids, respectively.
HPLC analysis of vitamin C content in Fr1 was performed on a liquid chromatograph "Agilent 1100", USA, equiped with a ultraviolet diode array detector (UV-DAD). For separation a C-18 column with a 5 m particle size was used at a flow rate of 0.4 ml/min and temperature 37 • C. Reference substance (vitamin C) and samples were dissolved/extracted in solution of meta-phosphoric acid (3% w/w) in 8% acetic acid. Ammoniumacetate (0.1 mol/l, pH 5.1) was used as a mobile phase. The injected volume was 20 l and the total running time was 6 min.
ESR measurements
Superoxide anion radical scavenging activity of bilberry extract fractions
A solution containing superoxide anion radicals was prepared by dissolving KO 2 /crown ether (10 mM/20 mM) in dry dimethylsulfoxide (DMSO) and 0.005 ml of this solution were added to 0.5 ml of dry DMSO and 0.005 ml of an DMSO spin trap solution (DMPO, 5,5-dimethyl-1-pyrroline-N-oxide, 2 M). The influence of extracts on the formation of DMPO/ • OOH adducts was studied by adding the N,N-dimethylformamide (DMF) solution of bilberry extract fraction to the superoxide anion reaction system at a final concentration range of 0.001-1 mg/ml. Synthetic antioxidant, butylated hydroxyanisole (BHA), was used for comparison. Then the solution was transferred to a quartz flat cell ER-160FT and 2 m after mixing ESR spectra were recorded on an EMX spectrometer from Bruker (Rheinstetten, Germany) using a TE 102 cavity. The following instrument settings were used: field modulation 100 kHz, modulation amplitude 4.00 G, receiver gain 1 × 10 4 , time constant 327.68 ms, conversion time 40.96 ms, center field 3440.00 G, sweep width 100.00 G, x-band frequency 9.64 GHz, power 20 mW, temperature 23 • C.
The extent of scavenging by antioxidant fractions was expressed as scavenfing activity (SA) values. The SAo 2
•-value of the extract was defined as: SAo 2 •-(%) = 100 × (h 0 -h x )/h 0 , where h 0 and h x are the hight of the second peak in the ESR spectrum of DMPO/ • OOH spin adduct of the sample without and with antioxidant fractions, respectively.
Detection of antioxidant-derived radicals
The antioxidant-derived radicals were determined in the reaction system containing 0.5 ml of DMSO solution of KO 2 /crown ether (10 mM/20 mM) and 0.5 ml of DMF solution of bilberry extract fraction (5 mg/ml). These solutions were aspirated from autosampler vial into the quartz flat cell, which was located in the TE 102 -resonator of the EMX spectrometer (Bruker, Rheinstetten, Germany). The mixing of both solutions was performed in the lower part of the cell prior to reaching the active zone of the flat cell. ESR measurements were started 20 s after mixing. The following instrument settings were used: microwave frequency, 9.73 GHz; modulation frequency, 100 kHz; microwave power, 20 mW; center field, 3491.1 G; sweep, 25 G; modulation amplitude, 0.48 G; receiver gain, 8 × 10 5 ; scan rate, 35.77 G/min; time constant, 0.163 s; scans 5. ESR spectral files were imported into the WINSIM program [16] for the analysis of the hyperfine splitting constants.
Statistical analysis
All analysis were run in triplicate and were expressed as means ± standard deviation (SD). Statistical analysis was done by using Statistica 8.0 software package (StatSoft Inc., 1984-2007). Significant differences were calculated by ANOVA test and then least significant difference (LSD) test (p < 0.05, unless noted otherwise).
Results
Chemical composition of bilberry
The contents of total phenols, flavonoids, anthocyanins and monomers of anthocyanins in purified bilberry extract are given in Table 1 . According to these results, flavonoids are the most abundant class of phenolic compounds present in bilberry extract (82.24%). Anthocyanins are one of the main flavonoid subgroups in fruits and berries and they are responsible for their red, violet, purple and blue colours. The anthocyanins are considered the most important of the pharmacologically active constituents. Anthocyanin concentration in the fresh bilberry fruit is approximately 0.1-0.5%, while concentrated bilberry extracts are usually standardized to 25% anthocyanins [24, 53] . Valentová et al. [48] detected cyanidin, delphinidin, malvidin, paeonidin and petunidin and its glycosides in bilberry extract, summary 25% of extract. Presented results show that 35% of flavonoids and less than 30% of total phenols in bilberry extract represent anthocyanins.
The compounds of interest in this study were vitamin C, flavonoids and phenolic acids. Total phenolic content measured by the Folin-Ciocalteu method may give false and overestimated results because possible interference from other chemical components present in the extract (sugars, aromatic amines, sulfur dioxide, ascorbic acid, organic acids, Fe(II), and other nonphenolic organic substances that react with Folin-Ciocalteu reagent) [42, 45] . High performance liquid chromatography (HPLC) method was used for further quantification of total phenolic compounds, flavonoids in Fr2 and phenolic acids in Fr3, as well as vitamin C in Fr1.
As presented in Table 2 . bilberry extract contains two times higher levels of flavonoids than phenolic acids. Herrmann [23] and Wildanger and Herrmann [51] reported that the far predominant phenolic compound in bilberry is quercetin. Beside quercetin, the detectable levels of myricetin and kaempferol were found in several European bilberry varieties [46] . High contents of quercetin were confirmed also by Häkkinen et al. [20] where quercetin was abundant in 21.4% of total phenolic compounds detected in bilberry. In that study the main phenolic acid in bilberry was p-coumaric acid followed by ferulic and caffeic acids. Also, total contents of phenolic compounds obtained in this study were lower comparing to the values obtained in the study of Prior et al. [37] probably due to the variability of plant material used for extraction. Their data are based on fresh fruit flesh and we used dried plant material. According to the study of Häkkinen [21] quercetin content in bilberry decreased markedly during 9 months of storage, the lower values we observed seem to be reasonable. Also, the contents of vitamin C, as expected, were much lower than reported [2] due to the the sensitivity and instability of this vitamin during storage and processing Table 1 Total contents of phenols, flavonoids and anthocyanins in purified bilberry extract
Compounds
Total content mg/g dry weight mg/g plant material [17] . In general, vitamin C content of berries declines during storage by up to 56% depending on duration and temperature [4] . Finally, actual levels of antioxidants in plants depend greatly on the variety of plant analysed, the way in which it was cultivated (since synthesis of antioxidants can be a response to stress), and how it is harvested and stored [11] .
Superoxide anion radical scavenging activity of bilberry extract fractions
Although the superoxide anion radical is a weak oxidant, it gives rise to the generation of more powerful and dangerous hydroxyl radicals as well as singlet oxygen, both of which contribute to the oxidative stress [29] . Superoxide anion radical can be produced enzymatically, in xanthine/xanthine oxidase system or chemically, as in this study. The advantage of the latter system for determination of superoxide anion radical scavenging activity is the simplicity in interpretation of results, since possible inhibition of the xanthine oxidase enzyme by antioxidant fractions is not a problem.
The superoxide adduct of 5,5-dimethyl-l-pyrroline-N-oxide (DMPO) has been detected by ESR spectroscopy using KO 2 solubilized in crown ether as a source of superoxide (Fig. 1) . The ESR hyperfine splitting constants of the DMPO/ • OOH adduct were: a N = 12.65 G; a H␤ = 10.4 G; a H␥ = 1.3G, which is in accordance with literature data [8] . All three fractions of bilberry extract have efficiently scavenged superoxide anion radicals (Fig. 2) . These fractions showed similar, not significantly different (p < 0.05) scavenging activity, when applied at lower concentrations (0.001-0.01 mg/ml). Complete elimination of superoxide anion radicals (SAo 2
•-= 100%) was achieved with the same concentration, 0.75 mg/ml, of Fr2 and Fr3, and with 1 mg/ml of Fr1. The SAo 2
•-of bilberry extract fractions decreased in the following order: Fr3 > Fr2 > Fr1.
In the present study bilberry fractions scavenged superoxide anion radicals with an efficiancy higher than BHA. Calculated IC 50 values for Fr1 (49 g/ml), Fr2 (21 g/ml) and Fr3 (15 g/ml) were much lower than IC 50 value for BHA (2680 g/ml). IC 50 values of bilberry extract fractions were comparable to the superoxide anion radical scavenging activity values of bilberry extract obtained in the study of Valentová et al. [48] (final concentration 47.6 g/ml scavenged 25.7% of superoxide anion radicals formed) and Martin-Aragon et al. [32] (final concentration 50 g/ml scavenged 63% of superoxide anion radicals formed). Difference in reactivity is due to the difference in the contents of active compounds, resulting from different extraction methods, and different experimental conditions, especially because in these studies superoxide anion radical was produced enzymatically.
The scavenging properties of antioxidant compounds are often associated with their ability to form stable radicals. It is well known that aromatic compounds containing hydroxyl groups, especially those having ortho di-or trihydroxyfunction, can give rise to radicals stable enough to be directly detected by ESR spectroscopy [14] . Seyoum et al. [43] proposed a mechanism of antioxidant reaction of flavonoids, via hydrogen donation leading to formation of a flavonoid radical and termination of flavonoid radicals by further loss of a hydrogen atom via disproportionation or other subsequent reactions. An ESR signal assignable to a flavonoid semiquinone radical was found in the superoxide generating system in the presence of Fr2 and without adding the spin trap (Fig. 3) . After simulation of the obtained ESR spectrum (Fig. 3 ) and comparing the obtained hyperfine constants (a H 2 = 1.7 G; a H 5 = 0.8 G and a H 6 = 2.8 G) with the reports of Canadanovic-Brunet et al. [6] (a H 2 = 1.5 G; a H 5 = 0.7 G and a H 6 = 2.7 G), it was determined that the observed radical was quercetin semiquinone radical. This is consistent with the findings of Herrmann [51] and Wildanger and Herrmann [46] who determined that the dominant bilberry flavonoid is quercetin. The stability of flavonoid, i.e. quercetin is proposed to be due to the large conjugated system providing delocalization of the unpaired electron. However, the reaction of superoxide anion radical with Fr3 without presence of a spin trap did not result in an ESR visible product, probably due to the low stability of the radicals of phenolic acids. This could be caused by the lack of stabilization by resonance due to the smaller conjugated system comparing to the flavonoid molecule. On the other hand, the free-radical product obtained by oxidation of Fr1 with superoxide anion radicals was characterized by ESR spectroscopy as a simple doublet showing coupling constants of a H = 1.84 G (Fig. 4) . According to literature data and due to the high content of vitamin C confirmed by HPLC analysis (Table 2) , this can be assigned to an ascorbyl radical [18, 36] . It has been reported that the reaction of ascorbic acid with more aggressive radicals results in the production of an intermediate radical, ascorbyl, of low reactivity. The lower activity comes from the ability of ascorbate to delocalize the radical electron through its π-system. Berries of the genus Vaccinium have been reported to express antioxidative and anticarcinogenic effects in vitro, which are partly proposed to be due to phenolic compounds in these berries [2, 13, 20, 27] . In these studies berry extracts, including bilberry, had high total phenolic contents and high antioxidant activity when compared to other plant materials. Kay et al. [25] reported that ingestion of 100 g of freeze dried blueberries (100 g) and berry juices increases the antioxidant capacity of blood plasma by 14-30%. A commercial extract of bilberry scavenged superoxide anion and hydroxyl radicals, inhibited lipid peroxidation in rat liver microsomes and liver lipid peroxidation in vivo in mice [31] .
Understanding the link between the antioxidant capacity of individual components and the bioactivities of different berries may direct the biotechnological improvement of new berry varieties [3] . Many researchers have found a strong correlation between antioxidant activity and total phenolics [7, 20, 50] . Beekwilder et al. [5] reported that about half of antioxidant activity of raspberries was due to ellagitannins, 20% due to vitamin C and 25% to anthocyanins, while Tulipani et al. [47] found greater contribution of vitamin C (30-35%) in some strawberry varieties. Positive linear correlation between SAo 2
•-and total conents of vitamin C (r 2 = 0.810), flavonoids (r 2 = 0.707) and phenolic acids (r 2 = 0.608) obtained in this study indicate that these phytochemicals are one of the main components responsible for antioxidant behaviour of bilberry.
Conclusion
Analysis of bilberry extract fractions containing vitamin C (Fr1), neutral phenols (Fr2) and acidic phenols (Fr3) showed high superoxide anion radical scavenging activities, better than synthetic antioxidant BHA. The highest activity was achieved with Fr3. HPLC analysis confirmed significant levels of vitamin C, flavonoids and phenolic acids in investigated bilberry extract fractions. Correlation analysis proved the involvement of these compounds in antioxidative activity. Further research is focused in the investigation of exact and comlete polyphenol profile of bilberry extract, especially anthocyanin contents, and other biological activities contributing the well known beneficial health effects of bilberry.
